Introduction
Chondroitin sulfate (CS) and dermatan sulfate (DS) are widely distributed in extracellular matrices and at cell surfaces as proteoglycans (PGs), in which glycosaminoglycan (GAG) chains are covalently attached to a variety of core proteins. Growing evidence suggests the biological significance of CS and DS in neural development as neuritogenic molecules (for reviews, see Oohira et al., 2000; Sugahara and Yamada, 2000; Sugahara et al., 2003) and also as major inhibitors of axonal regeneration in the injured central nervous system (Bradbury et al., 2002; Moon et al., 2001; Morgenstern et al., 2002) .
The CS chain backbone consists of repetitive disaccharide units containing D-glucuronic acid (GlcUA) and N-acetyl-Dgalactosamine (GalNAc) residues, while DS is a stereoisomeric variant of CS with varying proportions of L-iduronic acid (IdoUA) in place of GlcUA. In mammalian tissues, these chains are often found as CS/DS hybrid structures. Further structural variability of CS/DS chains is produced by divergent sulfation in the repeating disaccharide units. The monosulfated disaccharide A-unit [GlcUA-GalNAc(4S)] and C-unit [GlcUA-GalNAc(6S)] are common and major components of mammalian CS chains, whereas small yet significant proportions of the disulfated disaccharide D-unit [GlcUA(2S)-GalNAc(6S)] and E-unit 6S) ] are detected in the mammalian brain and other tissues (Bao et al., 2004; Saigo and Egami, 1970; Ueoka et al., 2000; Zou et al., 2003) and some isolated neuronal CS-PG molecules Maeda et al., 2003; Tsuchida et al., 2001 ) (2S, 4S, and 6S represent 2-O-, 4-O-, and 6-O-sulfate group, respectively). Proportions of these units in the chick, mouse, and pig brain change with development (Bao et al., 2004; Kitagawa et al., 1997; Maeda et al., 2003) , suggesting that CS/DS chains differing in the degree and profile of sulfation may be involved in the functional diversity during the brain's development.
DSD-1-PG/phosphacan purified from neonatal mouse brains exhibits neurite outgrowth-promoting activity toward cultured rodent hippocampal neurons (Faissner et al., 1994; Hikino et al., 2003) . The neuritogenic activity is strongly inhibited by the monoclonal antibody (mAb) 473HD, which recognizes a unique CS/DS hybrid structure (referred to as the DSD-1 epitope) present in the GAG moiety of DSD-1-PG (Faissner et al., 1994; Hikino et al., 2003) . Interestingly, the 473HD-reactive epitope is also embedded in shark cartilage CS preparations, CS-C and CS-D, which contain significant proportions (9.6% and 21.2%, respectively) of the D-unit, and the CS-D preparation itself also possesses neurite outgrowth-promoting activity (Clement et al., , 1999 Hikino et al., 2003; Nadanaka et al., 1998) , suggesting a correlation between the neuritogenic DSD-1 epitope and the CS disaccharide D motif.
In addition, several lines of evidence suggest important roles for particular CS structures containing D-and/or E-units in neuroregulatory signal transduction (for reviews, see Maeda, 2003; Muramatsu, 2001; Sugahara et al., 2003) . Among the reported brain CS-PGs (Bandtlow and Zimmermann, 2000) , a cell membrane-tethered receptortype tyrosine phosphatase, PTPζ/RPTPβ, which is a splicing variant of DSD-1-PG/phosphacan, binds heparin-binding growth factors, such as pleiotrophin (PTN) and midkine (MK) through its CS moiety as in the case of phosphacan (Maeda et al., 1996 (Maeda et al., , 1999 Milev et al., 1998) . Lowdensity lipoprotein receptor-related protein Sakaguchi et al., 2003) LRP6 (Sakaguchi et al., 2003) and PTPζ (Qi et al., 2001; Sakaguchi et al., 2003) have been identified as components of the MK receptor(s) , and anaplastic lymphoma kinase (Stoica et al., 2002) appears to be another receptor. The binding to PTPζ and biological activities of PTN and MK are strongly inhibited by CS-D and CS-E from squid cartilage, which is characterized by a predominance of the E-unit (Maeda et al., 1996; Maeda and Noda, 1998; Tanaka et al., 2003) . Recently, Maeda et al. (2003) reported that the binding affinity of phosphacan for PTN depends on the structure of its CS chains, especially on the presence of the D-unit. Thus, the neuroregulatory CS/DS structures containing the D-unit are of special interest.
To date, various CS-specific mAbs have been raised and widely used for immunohistochemical studies of various tissues. CS-56 (Avnur and Geiger, 1984) and MO-225 (Yamagata et al., 1987) also preferentially recognize CS-D from shark cartilage among typical CS variants, showing a specificity for CS in vitro similar to that of 473HD. However, the structural features of these CS epitopes are only poorly understood. In this study, we characterize the epitope structures recognized by these three anti-CS antibodies using an enzyme-linked immunosorbent assay (ELISA) and an oligosaccharide microarray system with an oligosaccharide library derived from CS-D to clarify the structural differences among the 473HD, CS-56, and MO-225 epitopes.
Results

Minimum size requirement of the immunogenic CS epitopes involving the D-unit
The mAb 473HD recognizes the characteristic CS structure named the DSD-1 epitope that contains the D-unit (Clement et al., , 1999 Nadanaka et al., 1998) . The commercially available mAb CS-56, which has been reported to react with CS-A and CS-C (Avnur and Geiger, 1984) , also reacts preferentially with CS-D polysaccharides from shark cartilage, weakly with CS-C, and not at all with other CS variants A, B, or E, whereas the mAb MO-225 (Yamagata et al., 1987) reacts strongly with CS-D, moderately with CS-C and CS-E, and weakly with CS-A (manufacturer's technical information, www.seikagaku-hit.com/bio/02tech/a02_kou/ 01pr/p02-2.htm).
At first, to determine the minimum sizes of the immunogenic CS structures required for recognition by these three antibodies, even-numbered CS oligosaccharide fractions, which were prepared by partial digestion of CS-D from shark cartilage with sheep testicular hyaluronidase (Sugahara et al., 1996b) , were utilized. These oligosaccharide fractions were chemically coupled to the amino group of dipalmitoylphosphatidylethanolamine (DPPE) using their reducing terminal aldehyde groups by reductive amination (Stoll et al., 1988) , without disturbing the sulfation pattern-dependent antigenic structures embedded in the CS oligosaccharides. The resultant neoglycolipid probes were immobilized on microtiter wells, which were then used in the ELISA system. Alternatively, the neoglycolipids were immobilized onto nitrocellulose membranes to prepare oligosaccharide microarrays (Fukui et al., 2002) .
473HD reacted markedly with the hexa-and larger oligosaccharide fractions derived from CS-D with apparently comparable efficacy ( Figure 1A ). The degree of binding of 473HD to hexa-and octasaccharides was increased in a dose-dependent fashion, reaching a plateau at 200 and 100 pmol of the oligosaccharides, respectively (Figure 2A ). Although the tetrasaccharide fraction seemed to react slightly with the mAb 473HD in ELISA compared with the unsaturated disaccharide control ( Figure 1A ), its reactivity was negligible in another evaluation system using the oligosaccharide microarray, where 25 pmol of each starting oligosaccharide was immobilized (data not shown), suggesting that 473HD recognizes CS-D-derived hexa-and larger oligosaccharides.
CS-56 reacted preferentially with the octa-and larger oligosaccharide fractions from CS-D ( Figure 1B ). The degree of binding of CS-56 to the CS-D octasaccharide fraction was proportional to the amount (50-1000 pmol) of oligosaccharides, whereas the binding to the hexasaccharide fraction was weak ( Figure 2B ). Strong MO-225-reactivity was also observed toward octa-and larger oligosaccharide fractions, being proportional to the amount of lipid-derivatized octasaccharides ( Figures 1C and 2C ). The hexasaccharide fraction also appeared to react moderately with MO-225 ( Figure 1C ) and showed weak dose-dependent reactivity with MO-225 compared with the octasaccharide fraction ( Figure 2C ). Similar trends for CS-56 and MO-225 were observed on the microarrays, where tetra-, hexa-, and octasaccharide fractions were spotted (data not shown). These results suggest that the minimum size for recognition by MO-225 is hexa-or octasaccharides, whereas that for CS-56 is octasaccharides, which is consistent with the previous findings that the minimum recognition size for CS-56 is unsaturated decasaccharides prepared by digestion of CS-A and CS-C by chondroitinase ABC (Fukui et al., 2002) .
Differential reactivities of mAbs 473HD, CS-56, and MO-225 toward structurally defined CS oligosaccharides
To further characterize these CS-D-reactive mAbs, their immunoreactivities toward an oligosaccharide library, composed of a series of structurally defined tetra-, hexa-, and octasaccharides prepared from CS-D of shark cartilage (Nadanaka and Sugahara, 1997; Nadanaka et al., 1998; Sugahara et al., 1994 Sugahara et al., , 1996b , were assessed in an oligosaccharide microarray system, due to the limited availability of these oligosaccharides. The structurally defined oligosaccharides forming the library used in this study are summarized in Table I . It has been demonstrated that specific binding of anti-CS antibodies and other carbohydratebinding proteins to CS oligosaccharide chains is detectable on the microarray, even under conditions where only a few picomoles of CS-lipid derivatives are used for immobilization (Fukui et al., 2002) . Therefore, the neoglycolipids of the structurally defined oligosaccharides derived from CS-D were spotted onto a nitrocellulose membrane in a low picomole range (1-10 pmol per spot as a starting oligosaccharide before the lipid derivatization).
These lipid derivatives were immobilized on the membrane with comparable efficacy, as demonstrated by the similar color intensity given by each neoglycolipid spot detected with so-called stub antibodies (data not shown), which recognize the enzymatically generated, unsaturated disaccharide unit
HexUA-GalNAc(6S)] at the nonreducing ends of CS oligosaccharides, where ∆
4,5
HexUA represents unsaturated hexuronic acid. None of the three CS-D-specific mAbs reacted with any lipid derivatives of the tetrasaccharides listed in Table I (data not shown), but they showed differential preferences toward the structurally defined hexa-and octasaccharides (Figure 3 ), being consistent with the results shown in Figure 1 . All oligosaccharide sequences bound by 473HD, CS-56, and/or MO-225 contained at least the D-unit, whereas the hexa-and octasaccharides devoid of the D-unit (i.e., C-C-C, C-C-A, C-A-A, and ∆C-C-C-C) were not bound by these mAbs, where ∆ denotes the unsaturation of the nonreducing terminal HexUA in the oligosaccharide) (Figure 3 ). In contrast, control experiments using the nonimmune mouse IgM gave no positive staining, supporting the size-dependent reactivities of these mAbs (data not shown).
473HD reacted preferentially with two structurally defined hexasaccharides D-A-D and D-A-A, which contain the D-A tetrasaccharide sequence. A hexasaccharide fraction, which contains two separate sequences D-C-A and C-A-D in a molar ratio of 6:4 (Nadanaka and Sugahara, 1997), also reacted modestly with 473HD. In spite of the presence of the D-unit, D-C-C was not recognized ( Figure 3A ). In addition, the structurally defined octasaccharides in the spotted fractions 10-13, which contain an A-D tetrasaccharide sequence, showed positive staining by 473HD with comparable efficacy ( Figure 3D ). The observed binding preference suggests the importance of the A-D and/or D-A tetrasaccharide sequences for the recognition by 473HD. However, because neither A-D nor D-A tetrasaccharide (Table I ) reacted with 473HD (data not shown), a minimum hexasaccharide size in addition to A-D and/or D-A sequences appears to be required for the effective binding of 473HD. 
Immunohistochemical localization of the epitope of 473HD in the adult mouse organs
The findings indicate that the three CS-D-reactive mAbs recognize overlapping yet distinct structures in CS chains. It is remarkable that the binding specificity of 473HD revealed using oligosaccharides embraces a larger array of structures than that of CS-56 and MO-225, because this contrasts at first sight the restricted distribution of its epitope. In fact, the DSD-1-epitope displayed a preponderance in brain and no detectability in various other adult mouse organ tissue extracts in a previous report , clearly different from the wide distribution of Table I . The oligosaccharide library composed of structurally defined tetra-, hexa-, and octasaccharides isolated from shark cartilage CS-D a A, C, and D stand for the disaccharide units GlcUA-GalNAc(4S), GlcUA-GalNAc(6S), and GlcUA(2S)-GalNAc(6S), respectively, whereas ∆ denotes the 4,5-unsaturation of an unsaturated HexUA residue at the nonreducing end. 2S, 4S, or 6S represents 2-O-, 4-O-, or 6-O-sulfate group, respectively.
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Fr. VIa the epitopes of CS-56 (Yamamoto et al., 1995) and MO-225 (Maeda et al., 2003; Mark et al., 1990; Uchimura et al., 2002) . To reconcile the seemingly contradictory findings, an immunohistochemical analysis of 473HD reactivity in adult mouse tissues from several organs was performed. On cryosections of kidney, colon, lung, testis, and adrenal gland a very discrete, faint expression pattern was observed, which was confined to various organ-specific basal laminae ( Figures 4A, B , E, F, and G). In addition, the epitope was demonstrable in the cortex of the adrenal gland but not in association with basal lamina structures, which differed from the pattern recorded in other organs ( Figure 4G ). In contrast, no immunoreactivity for 473HD was detected in liver or heart muscle ( Figures 4C and D) . Thus, the immunohistological analysis revealed the selective and specific expression of the CS structure recognized by 473HD, which appeared much weaker and more localized in all peripheral organs when compared with the molecular and granular layers of the cerebellum, where it was abundant and strongly expressed ( Figure 4H ). The expression in the peripheral organs was unexpected in the light of a previous study , where 473HD was found strongly reactive with cerebellar, weakly with cerebral, and not with various peripheral organ extracts by western blot, suggesting a central nervous system-specific expression and association of the epitope with DSD-1-PG/phosphacan. Consistent with this report, the strongest signals were again obtained with the cerebellum (Figure 4H ). The association with the basal lamina and the extracellular matrix might have withstood to some extent the octylglucoside-based extraction buffer used, which, in conjunction with the lower overall expression levels of the epitope, was presumably at the base of the negative results collected in the previous study . The observed expression of the DSD-1 epitope in subgroups of epithelial cells is consistent with increasing evidence that phosphacan and/or PTPζ/RPTPβ are also expressed outside the nervous system, for example in the epithelia of the gastric mucosa (Fujikawa et al., 2003) . Whether PTPζ/ RPTPβ isoforms represent the corresponding core proteins in this case and in the peripheral organs is, however, unknown and remains to be clarified.
Possible involvement of the CS/DS hybrid structure containing IdoUA in 473HD-reactivity
Recent studies have demonstrated that CS/DS hybrid chains with a significant proportion of IdoUA play important roles in promoting the outgrowth of neurites and in the binding of several growth factors (Bao et al., 2004; Hikino et al., 2003) . The DSD-1 epitope, which is recognized specifically by 473HD, in the CS chains of mouse DSD-1-PG/ Cryosections of various tissues were stained using the mAb 473HD and detected by CY3-coupled secondary antibodies. Immunopositive structures were visualized in red and the corresponding phase contrast images are shown in the panels marked by an apostrophe. The following tissues are shown: A and A', kidney; B and B', colon; C and C', myocard; D and D', liver; E and E', lung; F and F', testis; G and G', adrenal gland; H and H', cerebellum. Note that in kidney, colon, lung, testis, and adrenal gland; the DSD-1 epitope expression is restricted to the basal laminae (arrowheads) of bowman's capsule, the renal tubules (A), the crypts (B), the respiratory branches (E), the seminiferous tubules (F), and the adrenal capsule (G), respectively. Additional 473HD immunoreactivity was observed in the adrenal cortex (G). In contrast, the myocard (C) and the liver (D) were immunonegative as was the control staining omitting the primary antibody (H'). Strong staining was observed in the molecular and granular layer of the cerebellum, which served as positive control (H). ac, adrenal cortex; bc, bowman capsel; br, broncheoli respiratorii; c, crypt; cap, capsula; g, glomerulum; gr, granular layer; m, molecular layer; tr, tubuli renales; tsc, tubulus seminiferi contorti, vc, vena centralis. phosphacan has also been postulated to be constituted of a CS/DS hybrid structure in addition to the D-unit Faissner et al., 1994; Hikino et al., 2003) . Thus the native CS structure of the 473HD epitope may involve an additional structural element, such as a CS/DS hybrid structure containing IdoUA in addition to the A-D and/or D-A tetrasaccharide sequences. Therefore, to investigate whether an IdoUA-containing CS/DS hybrid structure is involved in the reactivity toward 473HD, the immunoreactivity of 473HD toward DSD-1-PG preparations pretreated with various CS lyases, including chondroitinases ABC, AC-I, AC-II and B, was examined and compared with the results obtained in parallel experiments performed with CS-56 and MO-225.
Chondroitinase ABC cleaves nearly all the galactosaminidic linkages in CS/DS chains, whereas chondroitinases AC-I and AC-II specifically cleave the galactosaminidic linkages bound to GlcUA in an endolytic and exolytic fashion, respectively (Yoshida et al., 1993) . Since chondroitinase AC-II tends not to act beyond the IdoUAcontaining building blocks in CS/DS chains (Yanagishita and Hascall, 1979) , the selective resistance to chondroitinase AC-II can be used as an important criterion to identify the IdoUA-containing structures (Yoshida et al., 1993) . In contrast, chondroitinase B cleaves the GalNAc-IdoUA linkage in an endolytic fashion but not the GalNAc-GlcUA linkage in DS or CS/DS chains (Sugahara et al., 1995) . Pretreatment of the DSD-1-PG preparation with these chondroitinases even under harsh conditions (see Materials and methods) resulted in no significant changes in the reactivity toward the mAb that recognizes the core protein of DSD-1-PG, excluding the possibility of the undesired detachment of the CS chains of DSD-1-PG from the ELISA plates.
The DSD-1-PG preparation treated with chondroitinase ABC or AC-I did not react with 473HD, CS-56, or MO-225 ( Figure 5 ) as expected, most likely due to the complete removal of the antigenic CS/DS moiety from DSD-1-PG. The treatment of DSD-1-PG with chondroitinase AC-II also completely eliminated the reactivity toward CS-56 and MO-225, whereas ~40% of the reactivity with 473HD was retained even after the enzyme treatment ( Figure 5 ), consistent with a previous finding (Faissner et al., 1994) and suggesting that the enzyme did not remove completely the CS/ DS chains, presumably due to its exolytic action (Yanagishita and Hascall, 1979; Yoshida et al., 1993) , which can be blocked by an IdoUA residue. These results suggest that an IdoUA-containing CS/DS structure is associated in some way with the 473HD epitope but not with the CS-56 or MO-225 epitope. It should be noted, however, that chondroitinase AC-II could eliminate the reactivity with 473HD if harsh incubation conditions were used most likely due to the endolytic activity of the enzyme (Hiyama and Okada, 1976) .
The treatment with chondroitinase B removed partially the epitopes recognized by these three mAbs under the standard incubation conditions for the enzyme (see Materials and methods), with ~40-60% of the reactivity toward these mAbs retained (Figure 5 ), most likely because of the significant yet incomplete elimination of the CS/DS chains by the endolytic action of the enzyme. The enzyme's actions on the immobilized CS/DS chains may be partially interfered with by the possible steric hindrance of the immobilized CS/DS chains. In support of this view, these immunoreactivities were completely abolished by digestion with chondroitinase B under the harsh incubation conditions (see Materials and methods) using 10 times the enzyme protein (data not shown). Taken together, the differential sensitivity of the 473HD epitope to the treatments by various chondroitinases suggests that the epitope in the CS chains of DSD-1-PG may include an IdoUA-containing CS/DS hybrid structure in addition to the A-D or D-A sequence. However, the possibility cannot be excluded that an IdoUA residue(s) may be outside the 473HD epitope being located on the reducing side of the epitope, and hence the epitope is eliminated by chondroitinase B.
Discussion
In this study, the structural characteristics of the CS epitopes recognized by the mAb 473HD and widely used commercial mAbs CS-56 and MO-225 were examined in detail using the CS oligosaccharide library. All these antibodies react with CS-D from shark cartilage and show immunohistochemically overlapping but differential tissue staining patterns.
Accumulating evidence suggests that the proportion of the D-unit and the presence of IdoUA in CS/DS chains are associated with neuritogenesis (Sugahara and Yamada, 2000; Sugahara et al., 2003) . In addition, primary hippocampal neurons cultured on a substratum coated with CS-D rich in the D-unit or the oversulfated DS preparations containing the characteristic iD disaccharide unit [IdoUA(2S)-GalNAc(6S)], sprout multiple neurites of dendritic nature (Clement et al., , 1999 Faissner et al., 1994 ; Hikino al., 2003; Nadanaka et al., 1998) , where i stands for IdoUA. An exogenous application of CS-D gives rise to an aberrant morphogenesis of Purkinje cell dendrites, possibly mediated by PTN-PTPζ signaling . In the developing cerebellum, the CS-56 and MO-225 epitopes containing the D-unit are abundantly distributed in the molecular layer, where multiple Purkinje cell dendrites expand extensively . Therefore, the CS-56 and MO-225 epitopes may also be partly involved in the promotion of neurite outgrowth.
The application of the lipid derivatives of these oligosaccharides to solid-phase binding assay systems such as ELISA and the recently developed oligosaccharide microarray has provided efficient and sensitive analytical systems, giving novel structural information regarding the minimum sizes and sequences of the CS epitopes of mAbs 473HD, CS-56, and MO-225. All structurally defined octasaccharides that reacted with 473HD, CS-56, and MO-225 contained the A-D tetrasaccharide core sequence (Figures 3B, C, E, and F). These octasaccharides are major components accounting for as much as 58% (w/w) of the octasaccharide fractions isolated by partial digestion of CS-D from shark cartilage with chondroitinase ABC , and the A-D sequence has also been found in one tetrasaccharide and a few hexasaccharides isolated from CS-D (Nadanaka and Sugahara, 1997; Sugahara et al., 1996a,b) . Therefore, the preferential reactivity of these mAbs with CS-D among typical CS variants appears to be attributable to the abundant A-D tetrasaccharide sequence characteristic of CS-D.
Consistent with the notion that the DSD-1 epitope is structurally associated with the D-unit (Clement et al., , 1999 Nadanaka et al., 1998) , 473HD also reacted with several oligosaccharides containing the D-unit. The reactivity of 473HD was detected in some but not all hexaand larger oligosaccharides ( Figure 1A ). This seemed unexpected at first sight in light of the previously reported restricted expression of the DSD-1-epitope in the central nervous system in contrast to the more widely distributed epitopes of CS-56 and MO-225, which require octa-and larger oligosaccharides (Figures 1  and 2 ). Although common features of the hexa-and octasaccharides immunoreactive to 473HD were the tetrasaccharide A-D and/or D-A sequences, no additional specific structural element was detected in the sequences neighboring the tetrasaccharide core of the octasaccharide sequences examined (Figures 3A and D) . These seemingly contradictory results can now be resolved by the findings that the 473HD epitope is expressed at low levels in discrete patterns in several peripheral mouse organs in addition to the brain.
Immunohistochemical analysis revealed the weak expression of the 473HD epitope mainly in the basal laminae of several peripheral mouse organs in addition to the strong expression in cerebellum, while the CS-56 epitope is also widely expressed (Yamamoto et al., 1995) . However, comparison of the immunhistological data generated with these mAbs is difficult for several reasons. First, the relative location of the epitopes with regard to the long CS chains and the core protein are unknown, yet both factors may influence the accessibility in vivo. Second, CS-56 was generated against human materials (Avnur and Geiger, 1981) and 473HD against the mouse antigen (Faissner et al., 1994) , which may cause subtle differences in affinity. Third, the data sets available in the literature have been collected on different species, which renders a comparison of histological patterns difficult. Taking these restrictions into account, it appears nevertheless that important differences can be identified on the level of distribution of the 473HD and CS-56 epitopes. Thus the CS-56 antibody clearly recognizes structures in the chicken heart, in correlation with trabecular and atrial septal formation, and in blood vessel walls (Capehart et al., 1999; Daugaard et al., 1991) , although 473HD did not react with the heart in our study. A systematic comparison of histological results collected with both antibodies and identification of the core proteins of the different epitopes are, however, beyond the scope of the present study.
The neuritogenic activity of DSD-1-PG is inhibited by exogenously applied 473HD and by digestion with chondroitinase B, which cleaves the GalNAc-IdoUA linkage in the DS-type structure (Faissner et al., 1994; Hikino et al., 2003) , suggesting that the neuritogenic motif of the DSD-1-PG epitope overlaps the 473HD epitope and may contain IdoUA. Analysis of the chondoitinase B-cleavable sites in the CS chains of DSD-1-PG suggests the presence of GlcUA-GalNAc(4S)-IdoUA/IdoUA(2S) and GlcUA-GalNAc(6S)-IdoUA/IdoUA(2S) trisaccharide sequences (Hikino et al., 2003) . In addition, the importance of the iA-unit [IdoUA-GalNAc(4S)] in the neuritogenic activity of CS/DS hybrid chains of the embryonic pig brain was recently revealed (Bao et al., 2004) . Furthermore, oversulfated DS preparations isolated from marine animals such as ascidians, which contain the characteristic iD disaccharide unit [IdoUA(2S)-GalNAc(6S)], sprout multiple dendritic neurites in cultured primary hippocampal neurons (Hikino et al., 2003) . In view of these findings, the 473HD-reactive DSD-1 epitope may contain at least either one of the above-mentioned trisaccharides in addition to A-D and/or D-A sequences in longer sequences. Alternatively, a combination of the A-D and/or D-A sequences with either the iA [IdoUA-GalNAc(4S)] (Bao et al., 2004) or iD [IdoUA(2S)-GalNAc(6S)] unit may be present in the DSD-1 epitope, although the existence of the iD-unit has not been reported in the brain CS/DS. However, as discussed, it remains to be further investigated whether an IdoUA-containing structure is indeed a part of the 473HD epitope because the possibility exists that an IdoUA is not included in the epitope but located on its reducing side in the parent chain. Identification of the bona fide 473HD epitope awaits the isolation of 473HD-reactive oligosaccharides from mammalian brains.
The minimum octasaccharide size required for the effective binding of both CS-56 and MO-225 implies the importance of the neighboring structure surrounding the A-D sequence. In this regard, the relative intensity of the reactivity of CS-56 with the structurally defined octasaccharides ( Figure 3B Figure 3C ). More A-D-containing hexasaccharides should also be isolated and tested. It should also be remembered that the E-D tetrasaccharide, in addition to the A-D tetrasaccharide, shows significant inhibitory effects on the binding of MO-225 to PG-H/versican as has been demonstrated by competitive ELISA (Yamagata et al., 1987) . Although the involvement of the E-unit in the specific binding of MO-225 remains unclear in terms of the sugar sequence requirement, MO-225 reacts with several oligosaccharide fractions prepared from squid cartilage CS-E (Deepa et al., unpublished data) with a high proportion of the E-unit (56% of the total disaccharide units) (Kinoshita et al., 1997) , supporting the notion of the involvement of the E-unit in addition to the D-unit. Some CS-E oligosaccharides may share conformations similar to those of CS-D oligosaccharides.
Although the binding specificity of the three mAbs toward the structurally defined CS oligosaccharides appears similar at the primary sugar sequence level, the effects of the treatments of the DSD-1-PG with various chondroitinases on the binding of these mAbs were clearly different, supporting the virtual structural divergence of these CS epitopes. Maeda et al. (2003) have reported the systematic immunohistochemical localization of several CS epitopes, including CS-56 and MO-225 epitopes in the developing postnatal mouse brain. The CS-56 epitope is highly expressed in the cerebral cortex early in the postnatal period, and its expression is markedly decreased at around 3 weeks after birth . In contrast, the expression of the MO-225 epitope is weak in the cerebral cortex but rather strong in the other regions, including the cerebellum, during the developing stages. MO-225 reactivity in the cerebellum reaches a culmination at postnatal day 14 and decreases thereafter . Interestingly, the 473HD epitope is abundantly distributed in the cerebellum but weakly in the residual regions of the adult mouse brain . These spatiotemporal expression patterns of the CS epitopes support their differential reactivity to the CS-D-derived oligosaccharides. In addition, analysis of the three dimensional structure of these oligosaccharides will help clarify the divergent specificity of these mAbs.
In this study, we extended the oligosaccharide microarray method (Fukui et al., 2002) to successfully show its applicability and usefulness to the study of mAb epitopes using an oligosaccharide library of structurally defined CS oligosaccharides. Now that GAG oligosaccharide libraries (Sugahara and Yamada, 2000; Yamada and Sugahara, 1998) are available for such sensitive microarrays, in which even a few picomoles of a lipid-derivatized CS oligosaccharide is detectable, a further screening using various CS oligosaccharide libraries, particularly those prepared from mammalian tissue sources, may provide bona fide bioactive oligosaccharide structures recognized by anti-CS antibodies. Furthermore, the oligosaccharide libraries are of course applicable to high-throughput detection and specificity assignment for investigating the functional domain sequences of CS, DS, and heparan sulfate chains for the binding of various functional proteins, including heparin-binding growth factors, CS/DS-binding growth factors, and cytokines.
Materials and methods
Materials
The following sugar, enzymes, and antibodies were purchased from Seikagaku (Tokyo): shark cartilage CS-D (sodium salt, super special grade), conventional chondroitinase ABC (EC 4.2.2.4) from Proteus vulgaris, chondroitinase AC-I (EC 4.2.2.5) from Fravobacterium heparinum, chondroitinase AC-II (EC 4.2.2.5) from Arthrobacter aurescens, chondroitinase B from F. heparinum, and mAbs CS-56 (Avnur and Geiger, 1984) and MO-225 (Yamagata et al., 1987) , which more selectively recognize shark cartilage CS-D polysaccharide than the other CS variants A, B, C, D, and E (see the Results).
The mAb 473HD, which recognizes the brain-specific DSD-1 epitope of CS chains, was prepared as described previously (Faissner et al., 1994) . DSD-1-PG was purified from postnatal days 1-15 mouse brains as described previously (Faissner et al., 1994) . Even-numbered, saturated oligosaccharide (tetra-, hexa-, octa-, deca-, and dodecasaccharide) fractions were prepared by a partial enzymatic digestion of commercial CS-D from shark cartilage with sheep testicular hyaluronidase as described previously (Nadanaka and Sugahara, 1997) . Structurally defined tetra-, hexa-, and octasaccharides listed in Table I were isolated from CS-D of shark cartilage as described previously Nadanaka and Sugahara, 1997; Sugahara et al., 1994 Sugahara et al., , 1996b .
Lipid-derivatization of CS-derived oligosaccharides
Oligosaccharides derived from CS-D were coupled to DPPE (Wako Pure Chemical Industries, Osaka, Japan) as described previously (Stoll et al., 1988 ) with a slight modification. Briefly, a dried oligosaccharide fraction (50-1000 pmol as oligosaccharide) was dissolved in 2.5 µl water and mixed with 10 nmol DPPE in 47.5 µl chloroform/methanol (1:1, v/v) . The reaction mixture was sonicated in a sonic bath, heated at 60°C for 10 min, mixed with 5 µl of a fresh preparation of 160 mM sodium cyanoborohydride in methanol, and incubated at 60°C for 16 h. The reaction mixture was directly used for immobilization without purification for ELISA. For the preparation of oligosaccharide microarrays, each resultant lipid-derivatized reaction mixture was dried in a vacuum concentrator and dissolved in chloroform/methanol/water (25:25:8, v/v/v) (Fukui et al., 2002) .
ELISA with lipid-derivatized CS oligosaccharides
A whole mixture of each lipid-derivatized solution was added to each well of a 96-well microtiter plate (Nunc immuno Plate, PolySorp, Nalge Nunc, Tokyo). After evaporation of the solvent using a hair dryer, the lipid-derivative-coated wells were overlaid briefly with 0.08% polyisobutylmethacrylate in chloroform/hexane/methanol (21:4:100, v/v/v) to stabilize the immobilized lipid-derivatives (Taki et al., 1990) . Each well was blocked with 3% (w/v) bovine serum albumin (BSA) in phosphate-buffered saline (PBS), pH 7.4, at room temperature for 4 h and incubated with a CS-specific mAb, 473HD, CS-56, or MO-225, which were diluted by 50-, 200-, and 500-fold, respectively, with PBS, pH 7.4, containing 1% (w/v) BSA at room temperature for 2 h. After being washed with Tris-buffered saline (TBS), pH 7.5, three times, each well was incubated at room temperature for 2 h with alkaline phosphatase-conjugated secondary antibodies, anti-mouse IgM + IgG (for CS-56 and MO-225) or anti-rat IgM (for 473HD), which had been diluted 5000-fold with TBS, pH 7.5, and washed as described. Finally, 0.05% (w/v) p-nitrophenyl phosphate in 50 mM carbonate buffer, pH 9.8, was added, and the yellow color produced was measured in a spectrophotometer at 415 nm.
CS oligosaccharide microarrays
The preparation of CS oligosaccharide microarrays was carried out as described previously (Fukui et al., 2002) with slight modifications. Briefly, the lipid-derivatized CS oligosaccharides in chloroform/methanol/water (25:25:8, v/v/v) were applied by jet spray using a sample applicator (Linomat V, Camag, Switzerland) at a spotting rate of 70 nl/sec, as 2-mm-width bands onto a 0.45-µm nitrocellulose membrane (Bio-Rad, Tokyo). Each membrane was blocked with 3% (w/v) BSA in PBS, pH 7.4, for 1 h and overlaid with appropriately diluted CS-specific mAbs (473HD, CS-56, or MO-225) or with control mouse IgM in 3% (w/v) BSA/PBS, pH 7.4, for 2 h. The membranes were rinsed several times with 3% BSA in PBS, pH 7.4, and overlaid for 1 h with horseradish peroxidase-conjugated anti-rat IgM (for 473HD) or anti-mouse IgM + IgG (for CS-56, MO-225, or control mouse IgM) diluted 500-or 3000-fold, respectively, with 3% (w/v) BSA in PBS, pH 7.4. Antibody binding was visualized using 3,3′-diaminobenzidine as a chromogen.
Immunohistochemistry
Adult NMRI mice (postnatal day 50) were anesthetized and perfused with 4% paraformaldehyde. The organs were removed, postfixed for 2 h with 4% paraformaldehyde in PBS at 4°C, and then cryoprotected in 30% sucrose in PBS overnight. The tissue was embedded in Tissue Freezing Medium (Leica Instruments GmbH, Heidelberg, Germany) and sectioned at 14 mm on a Leica cryostat. For immunohistochemical analysis, the tissue sections were rehydrated for 1 h at room temperature in a blocking solution composed of 1.7% w/v NaCl and 10% v/v normal goat serum in PBS, pH 7.4, and subsequently washed three times for 5 min in PBS. The sections were incubated with the mAb 473HD (rat IgM; diluted 500-fold) overnight at 4°C. After washing three times for 5 min in PBS, the sections were incubated with anti-rat IgM CY3 (diluted 500-fold with 0.1% BSA/PBS) for 2 h at room temperature. During incubation with secondary antibodies, the chromatin was labeled with bisbenzimide at a dilution of 1:10 5 (Sigma, Munich, Germany). After three further washes in PBS, the slices were mounted in Immumount. Expression of the 473HD epitope was analyzed using an epifluorescence microscope (Zeiss, Axiophot) with a 20× or 40× objective lens. Immunofluorescence images were captured with a digital camera (Axiocam) using the Axiovision 4.1 program (Zeiss).
Analysis of the effects of digestions with various chondroitinases on the immunogenicity of DSD-1-PG toward 473HD, CS-56, and MO-225
The DSD-1-PG preparation equivalent to 250 ng GlcUA was absorbed onto a 96-well microtiter plate (Nunc immuno Plate, MaxiSorp Nalge Nunc International) at 4°C for 10 h. After three washes with PBS containing 0.05% (w/ v) Tween 20 (PBS-T), each well was blocked with 1% (w/v) BSA in PBS, pH 7.4, for at least 1 h. For enzymatic digestion of the CS moiety of DSD-1-PG with various chondroitinases, the microtiter wells were incubated with 0.1 mIU of chodroitinase ABC or AC-I, or 0.1 mIU (standard conditions) or 1.0 mIU (harsh conditions) of chondroitinase AC-II or B in a total volume of 50 µl of the appropriate buffer (Pojasek et al., 2001; Sugahara et al., 1995) including a protease inhibitor cocktail (catalog number P-8340, Sigma) at 37°C for 2 h as described previously. Thereafter, the plates were washed three times with PBS-T and processed for ELISA with the mAb 473HD, CS-56, or MO-225 as described. The wells were still reactive with the mouse anti-phosphacan mAb (Chemicon, Temecula, CA), diluted 500-fold in TBS, pH 7.5, after treatment with either one of the chondroitinases, excluding the possibility of an unexpected detachment of the CS chains of DSD-1-PG from microtiter wells due to the proteolytic degradation of the core protein by proteases, which may be present as contaminants in the chondroitinase preparations. For the mouse anti-phosphacan, alkaline phosphatase-conjugated anti-mouse IgM + IgG was used as a secondary antibody. PTN, pleiotrophin; PTP, receptor-type protein tyrosine phosphatase; TBS, Tris-buffered saline.
